A cloned full-length cDNA encoding bovine luteinizing hormone (LH) receptor was expressed in COS-7 cells and the binding activity of the protein to human chorionic gonadotropin (hCG) was examined. Molecular cloning of the bovine LH receptor cDNA was carried out by reverse transcription-polymerase chain reaction using total RNA extracted from a bovine corpus luteum. Three overlapping partial fragments of the receptor cDNA were amplified, sequenced, and engineered to generate the entire cDNA coding sequence and it was subcloned into a mammalian expression vector. Sequence analysis showed a 2,103-nucleotide open reading frame encoding the bovine LH receptor, predicting a putative 26-amino acid signal peptide, and a 675-amino acid mature receptor protein that is 94, 88, 86 and 85% identical to the porcine, human, rat and mouse homologs, respectively. Scatchard analysis of the intact COS-7 cells transfected with the bovine LH receptor cDNA showed high affinity and low capacity of [ 125 I]-hCG binding sites on the cells. These results suggest that the protein expressed from the cloned bovine LH receptor cDNA is located on the cell surface with its binding activity to LH/hCG.
sequences, it has been proposed that the LH receptor belongs to a family of guanine nucleotidebinding (G) protein-coupled receptors that consist o f a l o n g e x t r a c e l l u l a r d o m a i n , s e v e n transmembrane helices, and a short cytoplasmic carboxyl-terminal domain [10, 11] . Transfection of mammalian cell lines such as COS cells with the full-length cDNA for the receptor has allowed a high level of expression of the protein in cells which were not originally expressing the targeted and other structurally similar receptors [10, 15] . This system enables us to study the molecular structurefunctio n relationship of the recepto r. As a consequence of such studies, for example, it has been suggested that the extracellular domain of the LH receptor is responsible for binding of the ligand [16] . Besides, in a few of human genetic gonadal diseases, mutations of the LH receptor have been identified, and it has been demonstrated, using the expression system by transfection of the cDNA, that the mutations alter its signal transduction, leading to abnormal secretion of steroid hormones [17, 18] . Also, it has been shown that the human LH r ec epto r bind s to o nly c ogna te LH and chorionic gonadotropin (CG) while the rat receptor binds to LH of many other species including human LH [13] . These data suggest that structural change of the receptor accompanied with evolution of mammals may have given the receptor itself the ability to discriminate cognate LH/CG in certain species. However, in ruminants, functional expression of the full-length cDNA encoding the LH receptor has not been reported, although a fulllength cDNA of the bovine LH receptor has been registered in Genbank by Lussier J. G. et al.
Adenohypophyseal and placental gonadotropins possessing various degrees of LH activity have been used as drugs to treat ovarian dysfunctions and control ovaries artificially in cattle, sheep and goats [19] [20] [21] . However, the precise method to assess the binding activity of such gonadotropins to the LH receptor of domestic ruminants has been unavailable. The cloning of full-length cDNA for the ruminant LH receptor and its expression system in transfected cells would be beneficial for estimating the binding activity of gonadotropins p r e c i s e l y . I n t h i s p a p e r w e r e p o r t t h e characterization of a full-length cDNA encoding bovine LH receptor and the analysis of the LH/ hCG binding activity of the bovine LH receptor expressed in COS-7 cells by the transfection of the cloned cDNA.
Materials and Methods

RNA isolation
A corpus luteum of the mid-luteal phase was collected from a multiparous Holstein cow in an abattoir within 20 min after exsanguination. The corpus luteum was frozen in liquid nitrogen and stored at -80 C for a week until extraction of total RNA.
Reverse transcription-polymerase chain reaction
The tot al RN A wa s ex tra cted by the acid guanidinium thiocyanate-phenol-chloroform method, as described previously [22] . Reverse transcription-polymerase chain reaction (RT-PCR) was us ed to am pl ify 3 o ver lapping part ial fragments of the bovine LH receptor (Fig. 1) . O lig on uc leo t id e pr im er s fo r R T -PC R w er e designed based on a full-length cDNA sequence of the bovine LH receptor submitted to the GenBank by Lussier et al. (Accession Number U20504). Forward and reverse primers used to amplify each fragment are shown in Table 1 . To amplify Fragment 1, reverse transcription (RT) was performed with 1 µg of total RNA and 1 µM of the reverse primer for the fragment in a final volume of 20 µl using the Takara RNA PCR Kit (AMV) Ver.2 (Takara, Ohtsu). The reaction was carried out at 60 C for 30 min and heated at 99 C for 5 min and cooled at 5 C for 5 min in the MiniCycler (MJ Research, MA, USA). The amplification of Fragment 1 was done with the Advantage-GC cDNA PCR Kit (Clontech Laboratories, Inc., CA, USA) because it contains GC-rich sequences. The polymerase chain reaction (PCR) was carried out with 1 µl of the RT product, 0.2 µM of both the fo rw ar d an d the r ev e rs e p ri m er s, and the recommended concentration of Advantage Klen Taq Polymerase Mix (Clontech Laboratories) in a final volume of 50 µl. The PCR condition was 1 min at 94 C for denaturation, followed by 30 cycles of 30 sec at 94 C and 2 min at 72 C, with a final extension of 5 min at 72 C. To amplify Fragments 2 and 3, RT-PCR was performed using the Takara RNA PCR Kit, as described previously [22] . After the PCR reactions, the products were cooled at 4 C and analyzed by agarose gel electrophoresis.
Cloning and sequencing
Amplified cDNA bands of the predicted size were purified from agarose gels with a QIAEX II Extraction Kit (QIAGEN GmbH, Hilden, Germany) and ligated into the sequencing vectors. The cDNA Fragment 1 was cloned into the pCR 2.1 vector using the TA Cloning Kit (Invitrogen Co., CA, USA). The cDNA Fragments 2 and 3 were cloned into the pCR-Script SK(+) vector using the pCRScript Amp SK(+) Cloning Kit (Stratagene Cloning Systems, CA, USA). Plasmids containing the cDNA fragments were sequenced with an ABI PRISM 310 Genetic Analyzer (Perkin Elmer, CT, USA). Complete sequencing of both strands was achieved by primer walking. To o verco me sequencing errors due to Taq DNA polymerase during the PCR, at least 3 independent clones were sequenced for each cDNA fragment and the consensus sequences are reported.
Construction of full-length cDNA
The cloned Fragment 2 in the pCR-Script SK(+) vector was digested with Not1 and PflM1, and the 3'-portion of the digested Fragment 2 was ligated to the 5'-portion of Fragment 3 in the pCR-Script SK(+) vector. Then the cloned Fragment 1 in the pCR 2.1 vector was cut with Not1 and Nsi1, and the 3'-portion of the digested Fragment 1 was ligated to the 5'-portion of Fragment 2 in the pCR-Script SK(+) vector. The constructed full-length cDNA encoding the bovine LH receptor was subcloned into a mammalian expression vector, pcDNA 3.1(-) (Invitrogen Co.). The plasmid was purified before transfection using the QIAGEN Plasmid Maxi Kit (QIAGEN GmbH).
Transfection of cDNA in COS-7 cells
COS-7 cells (RCB0539, RIKEN GENE BANK, Saitama) were grown in Dulbecco's modified Eagle's medium (DMEM) containing 50 µg/ml gentamicin, 2 units/ml nystatin, 10 mM HEPES, and 10% fetal bovine serum at 37 C in a humidified atmosphere containing 5% CO 2 . Exponentially growing COS-7 cells were plated approximately 10 h before transfection (1.2 × 10 6 cells/100-mm dish). The COS-7 cells were transiently transfected in 100-mm dishes with 10 µg of the plasm id DN A containing the bovine LH receptor cDNA, using a calcium phosphate coprecipitation technique [15] . Mock transfection was carried out with the pcDNA 3.1(-) vector alone. The cells were subjected to the following analyses at 60 h after transfection. [
I]-hCG binding to transfected cells
Highly purified hCG (11,900 IU/mg, CR-125, N I D D K , U S A ) w a s r a d i o i od i n at e d b y t h e lactoperoxidase method as described previously [23] . The maximal bindability and the specific activity of the [ 125 I]-hCG were 38% and 52 cpm/pg, respectively. The transfected cells were dislodged from the dishes using 0.15 M NaCl containing 1 mM EDTA and 20 mM NaHPO4 (pH 7.4) and gentle pipetting. The cells were centrifuged at a low speed at 4 C and resuspended in ice-cold 0.15 M NaCl containing 20 mM HEPES and 1 mg/ml bovine serum albumin (Fraction V, Sigma, MO, USA) (assay buffer). Scatchard analysis was performed to examine the binding activity of [
125 I]-hCG to the intact transfected cells, as described previously [24] . The cells (1-
000-fold excess amounts of unlabeled hCG. After the incubation, assay buffer was added to the tubes and centrifuged at 1,500 × g for 10 min at 4 C. The pellets were resuspended in the buffer and centrifuged before counting in a γ-counter.
Results
The nucleotide and predicted amino acid sequences of the bovine LH receptor are shown in Fig. 2 and registered at Genbank (Accession Number AF491303). The nucleotide sequence starts with a translation initiation codon and includes 2,103 bases of an open reading frame and 1 25 ba ses of a 3'-untra nslat ed region. The predicted amino acids of the receptor consist of 26 residues of a putative signal peptide and 675 residues of a mature protein with an estimated mo lec ular weight o f 75.7 kDa. B oth of the nucleotide and the putative amino acid sequences of the cloned bovine LH receptor cDNA are 99.9% identical to those of the cDNA registered at the GenBank by others (U20504). A different amino acid residue is observed between the peptides deduced from the cloned cDNA in the present study (glutamine at position 209 of the mature peptide) and the cDNA registered previously at the Genbank (lysine). The hydrophobicity profile of the bovine LH receptor shows 7 hydrophobic segments in the transmembrane domain in the receptor (Fig. 3) . The extracellular domain of the bovine LH receptor consists of 338 amino acids with 12 conserved cysteine residues among species and 6 potential N-linked glycosylation sites (Fig. 2) . The transmembrane domain is composed of 266 amino acid residues including 7 putative alpha helices spanning the cytoplasmic membrane and 8 conserved cysteine residues. The transmembrane d o m ai n i s f o l l o w e d b y a C O O H -t er m i n a l intracellular domain consisting of 71 amino acid residues which contains 3 conserved cysteine residues. The intracellular domain, as well as the putative cytoplasmic loops that connect the alpha helices in the transmembrane domain, contain a number of serine, threonine and tyrosine residues that are potential sites for phosphorylation.
Comparisons of amino acid sequences of the bovine mature LH receptor to those of swine, human, rat and mouse are shown in Table 2 . The highest homology compared with the bovine whole receptor among 4 species is shown to be the porcine receptor, followed by human, rat and mouse homologs. The highest degree of conservation among species occurs in the transmembrane domain, followed by the extracellular domain. The lowest degree of conservation occurs in the intracellular domain. Especially, the homologies of the intracellular domain between the bovine and the rodents are lower than the other 2 species.
Concentration-dependent and saturable specific binding of [ 125 I]-hCG was observed to the intact COS-7 cells transfected with the bovine LH receptor cDNA (Fig. 4A) . Contrarily, no specific binding of [ 125 I]-hCG occurred to the intact COS-7 (Fig. 4B ).
Discussion
We have cloned the full-length cDNA encoding bovine LH receptor by the am plifica tio n of overlapping fragments using RT-PCR, based upon th e b o vi n e L H re c e pt o r cD N A re g i s te r ed previously at Genbank by Lussier et al., and the s ubs equ ent lig at io n s o f t he m wi th genet ic engineering. The present study shows that an amino acid residue at position 209 of the deduced mature peptide of the receptor differs between the sequences cloned in this study and that previously registered at Genbank by others. In the present study, the analysis of sequences of cDNAs from 3 independent clones showed an identical nucleotide sequence at that position, suggesting that the difference is not due to errors by PCR. The exact reason for the difference of the amino acid sequence at that position is unknown since the sequence registered by others has not been published in a report. Homology analysis of the bovine LH receptor, deduced from the cloned cDNA in the present study, with respect to the receptor for the other 4 species shows the closest homology to the porcine receptor. This is an expected result since cattle and swine belong to the same order, or Artiodactyla. The bovine LH receptor retains the 23 cysteine residues conserved among species, suggesting their importance in maintaining the structure and normal function of the receptor [15, 24, 25] . The extracellular domain of the bovine LH receptor has 6 potential glycosylation sites and these are also conserved among species. Of these 6 potential sites, it has been suggested that in the rat LH receptor two are actually glycosylated and important for the binding to its ligand [26] . The higher hydrophobicity of the 7 segments in the transmembrane domain of the bovine LH receptor confirms that the LH receptor is a member of the G protein-coupled receptor family [10] . The low homology of the intracellular domain between the bovine and the rodent LH receptors raises a possibility that a part of this domain may have a different function between these species.
In the present study, the bovine LH receptor protein was successfully expressed in COS-7 cells by the transient transfection of the full-length cDNA in a mammalian expression vector. To the best of our knowledge, the present study is the first to report the expression of the bovine LH receptor by the transfection of the cloned full-length cDNA. The present study shows that the intact COS-7 cells transfected with the cloned bovine LH receptor cDNA bind specifically to hCG while no binding was observed in the mock-transfected cells. These results suggest that the protein expressed from the cloned cDNA owns binding activity to its ligand and its transmembrane domain is inserted into the plasma membrane with normal orientation so that the extracellular domain is located outside the cells. The binding affinity of the bovine LH receptor expressed from the cloned cDNA is similar to that displayed by the receptor in bovine follicles [6] and corpus luteum [8] . A previous study has shown, using expression by transfection, that the difference of the LH receptor structure among species may offer different binding activities to LH, follicle stimulating hormone and CG of various species [13] . Thus, the expression system of the bovine LH receptor in the transfected cells will assist in the understanding of the binding characteristics of various gonadotropins, including hormones used for clinical applications, to the bovine LH receptor. We have demonstrated that at least 3 splice variants of LH receptor mRNA exist in the bovine corpus luteum, although the functions of the variant receptors are unknown [22] . Also, it has been suggested that a mutation of the human LH recepto r identified in fam ilial male limited precocious puberty activates the receptor without binding to LH and stimulates cAMP production leading to enhanced secretion of testosterone in the affected infant [17, 18] . Therefore, the expression system of the bovine LH receptor may also be a useful tool for examining functions of such splice variant and mutant receptors. Clearly, further studies are necessary to investigate the function of signal transduction, or an increase of intracellular cAMP by the ligand, of the protein expressed from the bovine LH receptor cDNA cloned in the present study.
In conclusion, the protein expressed from the cloned full-length cDNA encoding the bovine LH receptor is located on the cell surface and it binds to LH/hCG. 
